ABSTRACT
I N T RO D U C T I O N
Ions are ubiquitous in space and are potentially responsible for the formation of increasingly complex interstellar molecules. A large number of chemical models, in which ion-molecule reactions played a central role, have been developed and they predict that such reactions significantly impact the observed abundances of interstellar molecules. In particular, H + 3 is predicted to initiate many chain reactions that synthesize interstellar molecules.
From the observational point of view, many observations confirm the importance of ion chemistry in the synthesis and destruction of interstellar molecules (see for example the review of Petrie & Bohme 2007) . Hence, it has been admitted that most of the compounds found in the dense interstellar medium (ISM) are synthesized through ion-molecule reactions. Complex chemical models involving such processes have also been able to accurately predict observed abundances. Such agreement between predictions of ion-chemical models and direct determinations of molecular abundances then confirms the impact of ions on the physical conditions of molecular clouds.
Among the interstellar ion, the HCO + ion is of particular interest. It is formed from the reaction of CO and H + 3 (Herbst 2005) , and E-mail: yazidiounaies@yahoo.fr (OY); francois.lique@univ-lehavre.fr (FL) it is the most abundant cation in dense molecular clouds. HCO + was first identified through its j = 1-0 rotational transitions at 89.190 GHz (Klemperer 1970) . Since then, it has been observed almost everywhere in the ISM, from stellar envelopes of very old stars to diffuse and dense molecular clouds (Ziurys & Apponi 1995; Lucas & Liszt 1996; García-Burillo et al. 2006; Pulliam, Edwards & Ziurys 2011; Mills et al. 2013; Zack & Ziurys 2013) . HCO + is then thought to be one of the key molecule in the interstellar chemical network.
Determination of HCO + abundance in the ISM is important to our understanding of ion-neutral chemistry and for improvement of chemical modelling throughout the ISM. HCO + and its associated isotopologue DCO + could be used, for example, to trace the physical conditions of dense molecular clouds or to determine CO depletion in the clouds (Pagani, Bourgoin & Lique 2012) .
The determination of molecular abundance proceeds through a detailed analysis of the molecular emission that arises from regions of very different temperatures and densities. Due to the low density of the ISM ( 10 2 -10 6 cm −3 ), the rotational levels of molecules are generally not at local thermodynamic equilibrium (LTE). Hence, in order to accurately model the observed interstellar spectra, and then accurately determine molecular abundances, one must consider the processes of spectral line formation and this requires an accurate knowledge of rates for radiative and collisional excitation.
Hydrogen molecules are generally the most abundant colliding partners in the ISM, although collisions with H and free electrons can also play important roles in warmer regions.
From the theoretical point of view, Monteiro (1984 Monteiro ( , 1985 published the first calculations of rate coefficients for rotational excitation of HCO + by collision with He (as a model for H 2 ) and H 2 . However, the calculations were limited to the first rotational states of HCO + and to very low temperature (T ≤ 30 K). Approximatively a decade after, Flower (1999) used the same potential energy surface (PES) as Monteiro (1985) and extended the calculations for the HCO + -H 2 collisional system to rotational transitions up to j ≤ 20 and to temperatures up to 400 K. These rate coefficients have been recently used by Pagani et al. (2012) to evaluate hyperfine DCO + -H 2 rate coefficients using infinite order sudden approximation described in Faure & Lique (2012) . Recently, Buffa (2007) and Buffa, Dore & Meuwly (2009) From the experimental point of view, a study of rotational relaxation of HCO + by H 2 was performed by Oesterling, De Lucia & Herbst (2001) using time-resolved double resonance spectroscopy. The authors measured the cross-section for the relaxation of the j = 2 state of HCO + in collisions with normal-H 2 at low temperatures. However, these experimental results could not be compared directly to the calculations that consider only collisions with para-H 2 such as those presented in this work or those computed by Flower (1999) . Pressure broadening cross sections (Anderson et al. 1980; Pearson et al. 1995 ) for the HCO + -H 2 have also been measured but they also cannot be directly compared to inelastic excitation and de-excitation cross sections.
Recent studies (Daniel, Cernicharo & Dubernet 2006; Lique, Cernicharo & Cox 2006; Sarrasin et al. 2010) have shown that molecular cloud modelling studies are very sensitive to the rate coefficients, and that inaccurate collisional excitation rates can lead to important errors in the determination of molecular abundances in molecular clouds. Then, we have decided to perform a new study of the collisional excitation of HCO + by H 2 using a new PES also presented in this paper. The PES, averaged over H 2 rotation, will be computed from highly correlated ab initio approaches.
The paper is organized as follow. Section 2 describes the ab initio calculation of the PES, and in Section 3, we present and discuss the results. Concluding remarks are drawn in Section 4.
I N T E R M O L E C U L A R P E S
This work deals with non-reactive collisions at low/moderate temperatures so that vibrational excitation does not occur. Indeed, the lowest vibrational bending frequency of HCO + (X 1 + ) is 1200 K (Davies & Rothwell 1984) so that vibrational levels cannot be significantly populated in the temperature range explored in this work. A very recent study dedicated to the ro-vibrational excitation of HCN by He (Denis-Alpizar et al. 2013) showed that neglecting the bending of HCN is a very reasonable approximation for treating the pure rotational excitation at low and moderate temperatures. Thus, the collision partners can be considered as rigid. Accordingly, in our calculations, HCO + is considered to be linear, and both bond lengths are set at the experimental values of r CO = 2.0875 bohr and r CH = 2.0735 bohr (Woods 1988) . For H 2 , we used the bond length r HH = 1.448 76 bohr corresponding to the averaged value over the ground-state vibrational wavefunction. Then, we define the body fixed coordinate system in Fig. 1 . The geometry of HCO + -H 2 collisional system with H 2 and HCO + treated as rigid rotors is then characterized by three angles θ, θ and φ, and the distance R between the centre of masses of H 2 and HCO + . The polar angles of the HCO + and H 2 molecules with respect to R are denoted, θ and θ , respectively, while φ denotes the dihedral angle, which is the relative polar angle between the HCO + and H 2 bonds.
For the solution of the close-coupling scattering equations, it is most convenient to expand, at each value of R, the interaction potential V(R, θ , θ , φ) in angular functions. For the scattering of two linear rigid rotors, we used (Green 1975 )
The basis functions s l,l ;μ (θ, θ , φ) are products of normalized associated Legendre functions P lm : (2) where . . . |. . . . is a Clebsch-Gordan coefficient. The P lm functions are related to spherical harmonics through Y lm (θ, φ) = P lm (θ ) exp(imφ). Here, l, l are associated with the rotational motion of HCO + and H 2 , respectively. In equation (1), the homonuclear symmetry of H 2 forces the index l to be even.
For collisions at low/moderate temperature, the probability of rotational excitation of H 2 is low (the energy spacing between the j = 0 and j = 2 levels in para-H 2 being 510 K) so we further restrict H 2 to its lowest rotational level. In this case, only the leading term l = μ = 0 needs to be retained in the expansion of the interaction potential given in equation (2). The resulting expansion then can be simplified to
where the V av (R, θ) is obtained by an average over angular motion (θ , φ) of the H 2 molecule. We approximate the average by an equipoise averaging over three sets of (θ , φ) angles for each calculated set of (R, θ). Those are (θ 1 , φ 1 ) = (0, 0), (θ 2 , φ 2 ) = (π/2, 0) and (θ 3 , φ 3 ) = (π/2, π/2).
The HCO
+ -H 2 (j = 0) PES is thus reduced to a two-dimensional V av PES such as
Such approximation has been shown to be reasonably accurate for relatively heavy molecule such as SiS or HNC (Dumouchel, Kłos & Lique 2011) . Indeed, for SiS-H 2 and HNC-H 2 collisional systems, it has been found that the present approximation leads to rate coefficients that differ by less than 50 per cent from exact data obtained using a full global PES and taking into account the rotational structure of the H 2 molecule.
In the C s point group, the ground electronic state of the HCO + -H 2 van der Waals system is of A symmetry. The PES was calculated in the supermolecular approach based on the single and double excitation coupled cluster method (CCSD; Hampel, Peterson & Werner 1992 ) with perturbative contributions of connected triple excitations computed as defined by Watts, Gauss & Bartlett (1993) [CCSD(T)] as implemented in the MOLPRO package (Werner et al. 2010) . For a weakly bound system, where the ground state is described well by a single electron occupancy configuration at all computed geometries, this level of theory is expected to yield reliable results.
The five atoms were described by the standard correlation consistent, polarized-valence-triple-zeta atomic orbital bases (cc-pVTZ) of Dunning (1989) augmented with the diffuse functions of s, p, d, f and g symmetries of Kendall, Dunning & Harrison (1992; augcc-pVTZ) . This basis set was further augmented by the additional 3s3p2d1f bond basis functions of Williams et al. (1995) , and placed equidistant between the HCO + and H 2 centres of mass. It has been shown recently (Lique et al. 2005; ) that using aug-cc-pVTZ basis sets with additional bond functions gives results comparable in accuracy to those obtained with the larger aug-ccpVQZ basis sets. The counterpoise procedure (Boys & Bernardi 1970 ) is used at all geometries to correct for basis set superposition error, as follows:
where the energies of the HCO + and H 2 subsystems are computed using the full basis set of the complex.
The radial scattering coordinate R was assigned 36 values ranging from 4 to 50 bohr, the θ grid ranged from 0
• to 180
• in steps of 15
• . This resulted in a total of 1404 geometries computed for the HCO + -H 2 . The calculated interaction energies averaged over H 2 rotation were then fitted by means of the procedure described by Werner et al. (1989) so that the dependence of the PES on the HCO + -H 2 angle was fitted by the usual Legendre expansion such as in equation (3). However, taking into account the large anisotropy of the PES with respect to the θ angle (see Fig. 2 ), we have interpolated the ab initio calculations on a fine grid of θ angles in order to use 25 angles in the fitting procedure (every 7.5
• ). A contour plot of the fitted PES is shown in Fig. 2 . For this van der Waals system, the global minimum of the interaction energy was found to be 912.71 cm −1 (R = 6.89 bohr, θ = 180
• ). The anisotropy of the HCO + -H 2 PES with respect to θ angle is very important. We could then anticipate that a propensity rules in favour of odd j transitions in the case of HCO + -H 2 collisions should appear. Indeed, McCurdy & Miller (1977) have shown that if the anisotropy of the PES is strong enough, there is an inversion of the propensity rules (compared to homonuclear diatomic molecules which have an even j propensity) which become in favour of the odd j transitions.
S C AT T E R I N G C A L C U L AT I O N S
The main focus of this paper is the use of the fitted HCO + -para-H 2 (j = 0) PES to determine rotational excitation and de-excitation cross sections of HCO + molecules by para-H 2 (j = 0). The rotational energy levels of the HCO + molecule were computed using the experimental spectroscopic constants of Blake et al. (1987) .
The most reliable approach to compute cross sections is to perform quantum close coupling calculations (Arthurs & Dalgarno 1960) . The minimal rotational basis j = 0 has been adopted for para-H 2 . The influence of the H 2 (j ≥ 2) channels was not included in the calculations so that the scattering problem is reduced to the study of the collisions of the HCO + with structureless target using the new HCO + -para-H 2 (j = 0) PES. For collision between an ion and H 2 , the magnitude of the crosssections is mainly governed by the long-range part of the PES. In the present case, the anisotropy of the long-range part of the PES with respect to H 2 rotation is moderate. Then, the present approximation is expected to lead to relatively accurate results as already observed in the case of CN − -H 2 collisions ). The standard time-independent coupled scattering equations were solved using the MOLSCAT (Hutson & Green 1994) code. Calculations were carried out at values of the total energy ranging from 0.1 to 4500 cm −1 . The integration parameters were chosen to ensure convergence of the cross sections over this range. In most of the calculations, the integration range extended from 3.5 to 50 bohr. At the lowest energies, the integration range was extended to 70 bohr in order to converge the cross sections within 0.01 Å 2 . We extended the HCO + rotational basis to ensure convergence of the inelastic cross sections. At the highest total energy considered (4500 cm −1 ), the rotational basis was extended to j = 32 in order to converge collisional cross sections for the first 21 rotational levels of HCO + . The maximum value of the total angular momentum J used in the calculations was set large enough that the inelastic cross sections were converged to within 0.005 Å 2 . From the rotationally inelastic cross sections σ j →j (E k ), one can obtain the corresponding thermal rate coefficients at temperature T by an average over the collision energy (E c ):
where k is Boltzmann's constant and μ is the reduced mass of the system.
Results
Fig . 3 illustrates the energy dependence of the collisional deexcitation cross sections obtained from the present calculations for a few selected rotational transitions. The de-excitation cross sections are almost decreasing functions of the collisional energy. For collision energies below 1000 cm −1 , many resonances are found. These are a consequence of the quasi-bound states arising from tunnelling through the centrifugal energy barrier (shape resonances), or from the presence of an attractive potential well that allows the H 2 molecule to be temporarily trapped into the well, and hence quasi-bound states to be formed (Feshbach resonances) before the complex dissociates (Smith, Malik & Secrest 1979) . Owing to the relatively small energy spacing between the HCO + rotational levels compared to the potential well depth, both types of resonance may be found in the same energy range.
Then, we have obtained the excitation and de-excitation HCO + -H 2 (j = 0) rate coefficients for temperatures ranging from 10 to 500 K. This complete set of (de)excitation rate coefficients is available online from the LAMDA (Schöier et al. 2005 ) and BASECOL websites. The representative variation with temperature of the HCO + -H 2 (j = 0) de-excitation rate coefficients is illustrated in Fig. 4 . One can clearly see that, at low temperature, the rate coefficients decrease with increasing temperature. At higher temperatures, rate coefficients for transitions with j ≥ 2 are almost independent of the temperature whereas rate coefficients for the transitions with j = 1 slightly increase with increasing temperature. The weak temperature dependence of the rate coefficients (except at low temperature) could have been anticipated, on the basis of Langevin theory for ion-neutral interactions. One can also note the relatively large magnitude of the rate coefficients (k j →j (T ) > 10 −10 cm 3 molecule −1 s −1 ). Usually, rate coefficients for neutral molecule such as for the isoeletronic CO molecule are of the order of magnitude of k j →j (T ) 10 −11 cm 3 molecule −1 s −1 . The high magnitude of the rate coefficients can certainly be explained by the large well depth seen of the PES that is almost an order of magnitude larger than in the case of neutral molecule interacting with H 2 . Such effect has been already observed for the CN − anion , but is absent when using He as a model for H 2 . Then, the impact of collisions will be more important for interstellar ions than for neutral species.
We are also interested in the propensity rules of pure rotational transitions. Fig. 5 presents downward rotational rate coefficients out of j = 10 levels at 10, 100 and 500 K.
The downward rate coefficients decrease with increasing j, which is the usual trend, and a strong propensity towards transitions with odd j exist. This last propensity is due to strong anisotropy of the PES (see Fig. 2 ). Such effect are explained in detail in McCurdy & Miller (1977) . 
Comparison with previous results
Then, we have compared our new theoretical results with previously published data. In Table 1 , we show, on a small sample, a comparison of our rotational HCO + -H 2 (j = 0) rate coefficients versus the HCO + -He ones of Monteiro (1984, M84) and Buffa et al. (2009, B09) at T = 10 K.
Collisions with helium are often used to model collisions with para-H 2 (j = 0). It is generally assumed that rate coefficients with para-H 2 (j = 0) should be larger than He rate coefficients, a scaling factor of 1.4 being often used (Schöier et al. 2005 ). This approximation is based on the assumption of equal collisional cross sections for He and para-H 2 (j = 0). The factor 1.4 reflects the difference in the collision-reduced mass factor in the thermal average leading to the corresponding rate coefficients (equation 6).
As one can see, significant differences exist between the present and the previous results. Whereas, a global agreement exists between the rate coefficients of Monteiro (1984) and of Buffa et al. (2009) , the present data differ up to a factor of 3-5 from the previous results. The new results being globally larger than the previous ones. Hence, the scaling factor is clearly different from 1.4 and the ratio varies with the temperature and with the transition considered. Low collisional energies cross sections are very sensitive to the shape and depth of the PES well. It is then not surprising to see significant differences between the two collisional systems at low temperature.
It could have been anticipated that scattering studies involving He as the perturber and as a representative of molecular H 2 are questionable in the case of molecular ion. As the polarizabilities of H 2 and He are different, the long-range expansions of the corresponding PESs are obviously different leading to a very different behaviour for the collisional data. Recently, Pagani et al. (2012) present a modelling study of DCO + emission from the L183 prestellar core and found that it was not possible to reproduce the emission spectra in a satisfactory way using DCO + -He data. We then recommend the use of H 2 -rate coefficients for modelling ion emission from molecular clouds instead of He-rate coefficients.
In Table 2 , we compare our rate coefficients for a few selected rotational de-excitation transitions in HCO + versus those of Monteiro (1985, M85) and Flower (1999, F99) .
Global agreement is found between the different sets of results. The level of agreement between these sets of results is very satisfactory considering the quality of the PES used by previous authors. Indeed, both dynamical calculations of these authors were based on the HCO + -H 2 PES of Monteiro (1985) that was calculated from theoretical methods that could induce large inaccuracies in the dynamics calculations. We note that the main differences are at low temperature where the quality of the PES strongly affect the accuracy of the dynamical calculations. The difference can be up to 30 per cent. Taking into account the differences between the present and previous data and the sensitivity of present radiative transfer model to the rate coefficients, we recommend the use of the new HCO + -H 2 rotational rate coefficients for modelling of molecular clouds.
Critical densities
The critical density is defined as the ratio between the Einstein coefficient (in s −1 ; Schöier et al. 2005 ) and the collisional de-excitation rate coefficient (in cm 3 s −1 ). Then, from the knowledge of both collision coefficients k j →j and Einstein coefficients A j →j , it is possible to derive a critical density of H 2 , defined as
The n * density is the H 2 density at which photon de-excitation and collisional de-excitation are equal. It can be seen that for many common interstellar media, the LTE conditions are not fully met and that rate coefficients will be needed to model HCO + emission. The critical densities of the first j = 1-0, 2-1, 3-2 rotational transitions are of the order of 2 × 10 5 , 8 × 10 5 and 2 × 10 6 , respectively, whatever the temperature is. The value are relatively independent of the temperature since the temperature variation of the HCO + -H 2 rate coefficients is relatively weak. However, the values increase with the excitation rotational state as the A Einstein emission coefficients vary approximately as j 3 upper whereas the collision rates stay within a same order. Fig. 6 compares present critical densities and critical densities from Flower (1999) at 10 K, for all electric-dipole allowed transitions (Schöier et al. 2005) .
As could be anticipated, the scatter is moderate, with no ratio exceeding 1 and below 0.7. Nevertheless, our critical densities are generally lower than the one derived using Flower (1999) rate coefficients and such difference could impact the astrophysical modelling since we will see a stronger competition between radiative and collisional processes for molecular clouds of lower densities than what could be seen using previous data.
C O N C L U D I N G R E M A R K S
We have used quantum scattering calculations to investigate rotational energy transfer in collisions of HCO + with para-H 2 (j = 0) molecules. The calculations were based on a new four-dimensional PES averaged over the motion of the H 2 moiety. Rate coefficients for transitions involving the lowest 21 levels of the HCO + molecule were determined for temperatures ranging from 10 to 500 K. Strong propensity rules for odd j were found.
The comparison of the new HCO + -para-H 2 rate coefficients with previously calculated HCO + -He and HCO + -H 2 rate coefficients shows that significant differences exist, particularly with He rate coefficients.
Nevertheless, it remains important to validate the present theoretical approach by comparing the present data with data obtained from scattering calculations that takes into account the rotation of the H 2 . Such work can be done by extending the present PES. However, the well depth of the PES being quite large, it is probable that Figure 6 . Ratio of critical densities (equation 7), this work to F99 for all levels, at T = 10 K.
4D inelastic scattering calculations performed on such a PES will be difficult to converge at high temperature and/or for high rotational levels. Hence, the present data probably offer the more realistic way to get them.
The ALMA interferometer and the Herschel missions presently perform or have recently performed high spatial and spectral resolution studies of the ISM at infrared and sub-millimetre wavelengths. To make the most of these observations, accurate data are needed to accurately determine the physical conditions in molecular clouds. We expect that the new HCO + -H 2 rate coefficients presented in this paper will enable full exploitation of these new observations.
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